The synthesis of a class of electron-rich aminofunctionalized β-diketiminato (N-nacnac) ligands is reported, with two synthetic methodologies having been developed for systems bearing backbone NMe2 or NEt2 groups and a range of N-bound aryl substituents. In contrast to their (Nacnac)H counterparts, the structures of the protio-ligands feature the bis(imine) tautomer and a backbone CH2 group. Direct metallation with lithium, magnesium or aluminium alkyls allows access to the respective metal complexes via deprotonation of the methylene function; in each case X-ray structures are consistent with a delocalized imino-amide ligand description. Trans-metallation using lithium N-nacnac complexes has then been exploited to access p and f-block metal complexes which allow for like-for-like benchmarking of the N-nacnac ligand family against their more familiar Nacnac counterparts. In the case of Sn II the degree of electronic perturbation effected by introduction of the backbone NR2 groups appears to be constrained by the inability of the amino group to achieve effective conjugation with the N2C3 heterocycle. More obvious divergence from established structural norms are observed for complexes of the larger, harder Yb II ion, with azaallyl/imino and even azaallyl/NMe2 coordination modes being demonstrated by X-ray crystallography.
Introduction
The mono-anionic β-diketiminate (or 'Nacnac') ligand class, [R''C(R'CRN)2] -, has been widely employed in the stabilization of metal complexes from across the Periodic Table. [ 1, 2] In part, this reflects the strongly electron-donating properties of these systems, allied to their potential for forming thermodynamically stable complexes through chelation, and the ready tuning of their steric properties through the N-alkyl/aryl substituents. As such, a number of recent landmark compounds from the s-, p-, d and f-blocks have drawn on Nacnac supporting frameworks. [3, 4] While tuning the steric demands of the N-substituents to modulate access to the metal centre is relatively easily accomplished, variation in ligand electronic properties has been examined to a lesser extent.
[4c]
The incorporation of electronically modifying substituents within the N-aryl groups, for example, has been examined, although the extent of communication with the N-donor itself is presumably dependent on the torsional alignment of the aryl ring.; another option is to modify the nature of the backbone C-bound groups, with examples including trifluoromethyl, and electron-withdrawing aryl substituents having been reported. [5] Bearing in mind the differences in the donor capabilities of amidinato and guanidinato ligands derived from the inclusion of a pendant NR2 group, [6] we hypothesized that the incorporation of a similar backbone π-donor into a Nacnac ligand framework might lead to enhanced donor properties (Scheme 1). In Valence Bond terms the electronic perturbation brought about by the inclusion of peripheral NR2 substituents can be viewed as resulting from additional 'double amido' resonance structures incorporating a pendant =NR2 + function. While unpublished theoretical studies appear to corroborate this viewpoint, [7] and synthetic studies giving access to protioligands employing an -NMe2 substituent date back to 1971, [7, 8] Route (i) was optimized based on a procedure originally reported by Viehe et al. in 1971, and subsequently explored by Clyburne. [7, 8] This approach involves initial reaction between Viehe's Salt (dichloromethylene-dimethyliminium chloride) and N,N-dimethyl-acetamide, followed by in situ addition of the aniline of choice to yield the protio-ligands, [ Dipp ]H compared to the corresponding (Nacnac)H protio-ligands. In the (Nacnac)H systems hydrogenbonding between the N-H proton and the imine N atom helps to stabilize a planar conjugated amino-imine tautomer. [10] By contrast, in the (N-nacnac)H systems [1 Ph ]H and [1 Dipp ]H, intramolecular hydrogen bonding is absent and the diimine structure pertains, allowing for much longer distances between the two imine N atoms and relief of steric congestion caused by the pendant aryl groups ( Figure 1 ).
The lack of conjugation about the NCCCN unit in [1 Ph ]H/[1 Dipp ]H is consistent with C1-C2 and C2-C3 distances determined crystallographically which are in the C-C single bond range (e.g. 1.527(2) Å and 1.524(1) Å, respectively, for [1 Ph ]H). [11] Consistently, the imine C-N distances (e.g. 1.292(1) Å and 1.288(1) Å for [1 Ph ]H), are typical of isolated C-N double bonds [11] On the other hand, the corresponding exocyclic C1-N3
and C3-N4 distances (e.g. Table 1 . 
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This article is protected by copyright. All rights reserved. respectively) and no resonances in the regions expected for an N-H proton or for the γ-CH unit of an amino-imino system (cf. δH = 12.12 ppm and 4.84 ppm, respectively, for {HC(MeCDippN)2}H in CDCl3). [12] DFT calculations carried out for [ in the opposite sense, i.e. favoring the amino-imine form. Presumably such differences reflect, at least in part, a greater increase in delocalization achieved for X = Me on adoption of the amino-imine tautomeric form (Figure 3 ), i.e. a greater gain in Table 2 . DFT calculated energies of diimine and amino-imine tautomers for (N-nacnac)H and (Nacnac)H protio-ligands . indicates that the diimine tautomer possesses a lower overall energy. conjugation associated with linking two isolated imine units over the corresponding process for two amidine functions.
Ligand
Interestingly, the one-pot synthetic methodology outlined in Scheme 2 is found to be more problematic for anilines bearing a para-methyl substituent, such as MesNH2 (Mes = 2,4,6-Me3C6H2). Thus, the spirocyclic system 2 was unexpectedly isolated (rather than pro-ligand [1 Mes ]H) when MesNH2 was employed as the aniline reagent ( Figures 1 and 4) . The identity of 2 was unambiguously established by X-ray crystallography and is consistent with the assimilation of a single equivalent of MesNH2, followed by ring closure to generate a quaternary carbon centre. Particularly remarkable is the activation of the para-methyl group of the mesityl ring, chemistry which is consistent with the appearance of alkenic CH2 and CH resonances in the 1 H NMR spectrum of 2, and with the disappearance of the para-CH3 signal. Consistently, the C-C bond distances determined crystallographically for the six-membered ring are no longer equivalent, with the C2-C3, C4-C5, C5-C6 and C2-C7 separations ranging from 1.454(3) to 1.529(3) Å (consistent with descriptions as carbon-carbon single bonds), [11] and the C1-C2, C3-C4 and C6-C7 distances [1.351(4), 1.336(3) and 1.334(3) Å, respectively] are indicative of double bond character. Mechanistically, the formation of 2 necessitates initial uptake of a single equivalent of MesNH2, followed by deprotonation at the mesityl para-CH3 group thereby generating a C-based nucleophile, which (by virtue of resonance) attacks the second chloro-imine function through the ipso-carbon. While such a proposal has little literature precedent, it is entirely consistent with the notion that the related ortho-xylyl amine, 2,6-Me2C6H3NH2, does not undergo analogous spirocyclic ring closure, but instead generates the desired protio-ligand [1 Xyl ]H in good yield (Scheme 3 and Figure 1 ). The one-pot protocol can be extended to alkyl amines, such as t BuNH2, although in this case the isolation of the desired proligand [1 tBu ]H necessitates an anhydrous work-up, followed by Access to N-mesityl ligand systems requires the use of an alternative synthetic approach, in which the (N-nacnac)H protioligand is assembled via C-C bond formation from two pre-formed amidine components. Deprotonation of an N-aryl-N',N'-dialkyl substituted amidine at the β-CH2 position, followed by electrophilic quenching with ClC(NR)NR'2 allows for the modular synthesis of a range of (N-nacnac)H systems (Scheme 4). In each case, the formation of an essentially planar six membered LiN2C3 chelate ring could be established definitively by X-ray crystallography, with the nearly identical C-N and C-C distances by X-ray crystallography. Displacement ellipsoids drawn at 50 % probability level; most H-atoms, minor disorder components and solvate molecules omitted and N-substituents drawn in wireframe format for clarity. Key metrical parameters are given in Table 3 . Table 2 .
within the ring [e.g. 1.321(3)/1.336(3) and 1.409(2)/1.420(2) Å for [1 Dipp ]Li(OEt2)] being consistent with a delocalized iminoamide formulation ( Figure 5 and Table 3 ). [15] Similar chemistry can also be effected using magnesium or aluminium alkyls (Scheme 6 and Figure Displacement ellipsoids drawn at 50 % probability level; most H-atoms, minor disorder components and solvate molecules omitted and N-substituents drawn in wireframe format for clarity. Key metrical parameters are given in Table 3 .
Lithiated N-nacnac derivatives, either as isolated materials, or generated in situ from the corresponding protio-ligand and n BuLi, prove to be convenient reagents for trans-metallation chemistry, e.g., for the synthesis of Sn II chloride and hydride complexes.
Moreover, with a view to examining the effects of variation in the steric bulk of the N-bound aryl substituents, we targeted complexes featuring ligands range from 50-80%, and each has been characterized by standard spectroscopic techniques and by X-ray diffraction ( Figure 8 ). Displacement ellipsoids drawn at 50 % probability level; most H-atoms, minor disorder components and solvate molecules omitted and N-substituents drawn in wireframe format for clarity. Key metrical parameters are given in Table 4 . Table 4 . Crystallographically determined bond lengths (Å) and angles ( o ) for tin N-nacnac complexes. For comparison, data given in square parentheses refer to the corresponding (backbone Me) Nacnac complexes featuring the same N-aryl substituents.
[13] The structures of these tin complexes allow for a systematic appraisal of the steric and electronic effects brought about by changes in the N-aryl substituents, and in particular as the bulk of the aryl group is increased in the order Ph < Xyl < Dipp. respectively, implying less efficient π-conjugation into the chelate ring. In broader terms, comparison of the structural parameters determined for [ Figure 10 ). Although the position of the tin-bound hydrogen atom could not be reliably established by X-ray crystallography, the alignment of the molecular units is in head-to-tail fashion, such that Sn-H … Sn interactions are precluded. Conceivably, this phenomenon signals a less polarized Sn-H bond, as a result of ligation by the more electron-rich N-nacnac ligand. Steric factors might also be expected to play a role, given the greater size of the backbone NMe2 group (vs. Me), although this is presumably not a major factor, given that the distance between the centroids of the flanking Dipp rings changes little between the two systems. X-ray crystallography. Displacement ellipsoids drawn at 50 % probability level; most hydrogen atoms, minor disorder components and solvate molecules omitted and N-substituents drawn in wireframe format for clarity. Key metrical parameters are given in Table 3 .
While Nacnac ligands have been employed effectively across the Periodic Table, another area where they have found particularly widespread application is in f-element chemistry. [2, 19, 20] In part this reflects the combination of steric bulk and hard N-donor character allied to a chelating ligand framework. [14a]
Conclusions
The synthesis of a new class of amino-functionalized β-diketiminato ligands (N-nacnacs) is reported, with two approaches having been developed to protio-ligands bearing backbone NMe2 or NEt2 groups and a range of N-bound aryl substituents. In contrast to their (Nacnac)H counterparts, the structures of these systems both in the solution and in the solid state feature the bis(imine) tautomer and a backbone CH2 group. Direct metallation with group 1, 2 or 13 metal alkyls allows access to the respective metal complexes via deprotonation of the methylene group. The structures of a range of Li, Mg and Al compounds have been determined, and in each case are consistent with a delocalized imino-amide ligand description. Transmetallation has then been explored using lithium N-nacnac complexes possessing varying steric profiles, with Sn II compounds being targeted (via metathesis) in order to provide like-for-like comparison with the analogous Nacnac complexes. While analogies can be drawn between N-nacnac and Nacnac complexes along similar lines to those described previously for guanidinate/amidinate systems, the degree of electronic perturbation effected by introduction of the backbone NR2 groups appears to be restricted (particularly for more bulky Nnacnac ligands) by the inability of the amino group to achieve effective conjugation with the N2C3 heterocycle. Much more radical divergence from the Nacnac structural norms are, however, observed in the complexes of the larger, harder Yb II ion, with azaallyl/imino and even azaallyl/NMe2 coordination modes being demonstrated by X-ray crystallography. Such observations hint at potential avenues for exploitation of this ligand family in the near future.
Experimental Section

General considerations
All manipulations were carried out using standard Schlenk line or dry-box techniques under an atmosphere of argon. Solvents were degassed by sparging with argon and dried by passing through a column of the appropriate drying agent using a commercially available Braun SPS. NMR spectra were measured in C6D6 or CDCl3 which were dried over potassium or molecular sieves, respectively, and stored under argon in a Teflon valve ampoule. NMR samples were prepared under argon in 5 mm Wilmad 507-PP tubes fitted with J. Young Teflon valves. NMR spectra were measured on Varian Mercury-VX-300 or Bruker AVII-500 spectrometers; 1 
Syntheses of novel compounds
Generic synthesis of protio-ligands [1 R ]H via route (i):
To a solution of dichloromethylene-dimethylammonium chloride (15.00 g, 92.3 mmol) in dichloromethane (100 mL) was added dropwise N,Ndimethylacetamide (4.10 mL, 44.1 mmol) at room temperature, and the reaction mixture refluxed for 6 h. After the removal of volatiles in vacuo, chloroform was added (100 mL), followed by ArNH2 (100 mmol) via syringe at 0 o C. The reaction mixture was then refluxed for 12 h. After cooling to room temperature, saturated KOH solution was added at 0 o C until the pH was ≥ 10, followed by water (100 mL). The aqueous layer was washed twice with chloroform (100 mL each) and the organic layer extracted, washed with brine (100 mL) and dried over MgSO4. 
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This article is protected by copyright. All rights reserved. 06 mmol) was dissolved in hexane (5 mL) and the resulting solution added dropwise to the reaction mixture. After the addition, the mixture was allowed to warm to room temperature, and stirred for 12 h. After heating at a gentle reflux for 1 h, and cooling to room temperature, water (5 mL) was slowly added to the reaction mixture, followed by dichloromethane (10 mL). The organic fraction was then washed with water (2 x 10mL) and aqueous sodium bicarbonate (10 mL, saturated). The organic fraction was dried (MgSO4) and concentrated. The residue was recrystallised from boiling ethanol (10 mL) to give the product as a colourless solid. Yield: 0.69 g, 35%.
FULL PAPER
Spectroscopic and analytical data matched those measured for a sample obtained via route (i). mmol) was then added and the reaction mixture warmed to room temperature, resulting in a yellow heterogeneous mixture. After stirring for a further 2 h, the mixture was cooled to -78 °C and MesNC(Cl)NEt2 (2.0 g, 1.7 mL, 8.00 mmol) added. The reaction mixture was again warmed to room temperature, stirred for 16 and then refluxed for 1 h. After cooling to room temperature, water (10 mL) was added followed by dichloromethane (10 mL). The organic layer was extracted and washed with water (2 x 10 mL) and aqueous sodium bicarbonate (10 mL). The organic fraction was dried over MgSO4 and concentrated to yield an orange oil, which was recrystallised from ethanol to give the product as colourless crystalline material Yield: 2.80 g, 66% yield. 1 toluene (10 mL) was added KCH2Ph (0.120 g, 0.92 mmol). A white precipitate started to form immediately and after stirring overnight at room temperature a very thick white suspension was formed. At this point, volatiles were removed in vacuo, and solid YbI2(thf)2 (0.527 g, 0.92 mmol) added, followed by thf (20 mL). The reaction mixture was stirred at room temperature for 12 h, producing a dark brown-red suspension. Volatiles were again removed in vacuo, and the residue extracted with warm benzene (3 × 10 mL). The filtrate was slowly evaporated under reduced pressure until only about 1 mL of liquid remained. The very dark brown mother liquor was decanted via a cannula and the crystalline 
Crystallography
Diffraction data were collected using a Nonius Kappa CCD or Oxford Diffraction (Agilent) SuperNova diffractometer at 150 K; data were reduced using either DENZO, SCALEPACK or CrysAlisPro, and the structures were solved with either SIR92, SuperFlip or SHELXT and refined with full-matrix least squares within CRYSTALS or SHELXL-2014, as described in the CIF. [21] Complete details of the X-ray analyses have been deposited at The Cambridge Crystallographic Data Centre (CCDC 1528007-1528025).
Computational Method
Geometry optimization were performed using the Amsterdam Density Functional (ADF) 2014 software package. Calculations were performed using the Vosko-Wilk-Nusair local density approximation with exchange from Becke, and correlation correction from Perdew, and 3-dimension dispersion effect (BP86-D3). [22] Slater-type orbitals (STOs) were used for the triple zeta basis set with an additional set of polarization functions (TZP). The full-electron basis set approximation was applied with no molecular symmetry. General numerical quality was good. Run files for each of the calculations are included in the SI.
